ABSTRACT
studying adaptive walks in diploid populations using Fisher's geometric model, which has 23 been previously found to generate balanced polymorphisms through overdominant 24 mutations. We show that overdominant mutations cause a decrease in forward 25 predictability and an increase in backward predictability relative to diploid walks lacking 26 balanced states. We also show that in the presence of balanced polymorphisms, backward 27 predictability analysis can lead to counterintuitive outcomes such as reaching different final 28 adapted population states depending on the order in which mutations are introduced and 29 cases where the true adaptive trajectory appears inviable. As stable polymorphisms can be 30 generated in both haploid and diploid natural populations through a number of 31 mechanisms, we argue that natural populations may contain complex evolutionary histories 32 that may not be easily inferred without historical sampling.
33

INTRODUCTION
34
Predicting evolution is one of the fundamental challenges of evolutionary biology (reviewed 35 in de Visser and Krug (2014)). This question became particularly prominent with 36 Gould's famous thought-experiment on "replaying the tape of life" (Gould, 1990 ). Gould 37 wondered whether we would regenerate the observed evolutionary history of the world if we 38 reset our evolutionary history to any point in the past and let evolution retake its course 39 from there. More generally, we can ask whether it is possible to predict the path or the 40 final destination of the evolutionary process from a given starting point. It is also possible, 41 however, to ask whether we can reconstruct the true evolutionary trajectory given the final we formalize the methods for studying predictability and utilize these distinctions to study 45 the impact of polymorphism on the predictability of evolution.
46
Forward predictability of evolution: We define forward predictability as the 47 probability of observing a particular future evolutionary outcome from a known starting 48 state. Previous experimental evolution studies have generally (but not always) focused on 49 the forward predictability of evolution. This type of analysis can be done at a number of 50 levels, including the predictability of overall fitness changes, phenotypic shifts and different 51 levels of genotypic changes (pathways, genes, and individual mutations). repeatedly observed the evolution of two distinct ecotypes with differential ability to grow 64 on each carbon source. By sequencing independent replicate clones of both ecotypes, they 65 found the same genes, and sometimes the same exact mutations invading these replicate 66 populations and differentiating the ecotypes. These studies suggest that evolution is indeed 67 forward predictable to a surprising degree.
68
Repeated evolution has been observed at both the genetic and morphological levels in 
76
Backward predictability of evolution: In addition to Gould's thought-experiment, one 77 can study predictability in a historical manner. Given the current state, we can try to 78 predict the ancestral state or the evolutionary path that resulted in the current state of the 79 study system. We call this backward predictability, as it requires us to look backward in other. In principle, one would want to conduct forward evolution and then conduct 114 backward predictability analysis on the same system to understand their relationship.
115
However such studies would be extremely laborious, and given the disparate answers 116 coming out of different experimental systems, a large number of independent experiments 117 in many systems would need to be conducted to give a convincing answer.
118
Another difficulty in experimental evolution studies of predictability are practical 119 limitations in sampling adaptive mutations. As most studies can only afford to sample a 120 few adapted individuals from a given experiment, mutations must be at high frequency to 121 be observed and a common assumption is that each of these mutations fixed in the 122 population in succession (Gillespie, 1983 (Gillespie, , 1984 given population, so the likelihood of each mutation occurring in a particular background 138 also has to be taken into account, as well as any epistatic interactions the mutation has 139 with the rest of that background.
140
Due to the challenges of isolating sufficient numbers of independent adaptive mutations 141 from experimental populations to study predictability, we utilize a simulation-based 142 approach to study the impact of polymorphisms on forward and backward predictability.
143
We employ Fisher's geometric model (FGM, Fisher (1930) ), which is a well-studied (Orr, generations. We explore two models, one with two dimensions and one with 25 dimensions.
165
We partition our adaptive walks into those that do and those that do not contain 166 overdominant mutations to study the impact of balanced states on predictability. For the 167 remainder of our analysis, we identify the most frequent allele in each simulated population 168 at the end of 10,000 generations of evolution and study the mutations present on that 169 allele. We limit our analysis to studying the first five mutations of each adaptive walk and 170 ignore simulations with fewer than 5 mutations in order to control for the length of the 171 adaptive walk when studying predictability.
172
Forward Predictability Analysis: We calculate the forward predictability of the 173 adaptive trajectory using two metrics. In both of these metrics, we only consider (which we define as the origin).
199
In order to focus on the effect of polymorphic states on the predictability of evolution, we states by clonal interference so that we can focus on only those polymorphic states 208 generated by overdominant mutations.
209
We conduct our simulations using an FGM of two dimensions, and show that our for analysis in a natural system. We additionally limit our analysis to studying the first 
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We then study backward predictability in a manner similar to Weinreich et al. (2006) .
243
As before, we limit our analysis to adaptive walks of exactly five mutations, which is 
277
We find that 53% of all walks have at least two different end population states containing 
306
The presence of backward predictability reconstructions where the observed order (and in a 307 few cases, every order) of mutations is impossible is surprising. We hypothesize that this is 308 due to the presence of adaptive alleles that are generated and stably maintained during a 309 walk that are transient and do not survive until the end of the simulation. We call these 
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321
We then compare the forward and backward predictability metrics described above on the 322 different categories of simulations. In particular, we compare the simulations that were 
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those with (n = 1548) and without (n = 10) overdominant mutations at any point of the 344 FGM simulation before the time when the five-mutant allele reached 5% frequency.
345
We observe the same qualitative results in 25 dimensions as in 2 dimensions (see 346 Supplementary Figures 1-4) . In general, it appears that our conclusions about 347 predictability of adaptive walks do not depend on the dimensionality of the system, and 348 only on the presence of overdominant mutations in the adaptive walk. 
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DISCUSSION
350
In this study, we explored the predictability of evolution using Fisher's geometric model.
351
We distinguished between forward and backward predictability, where forward 
359
We found that simulations without overdominant mutations are more forward predictable 360 than simulations with overdominance, while the reverse is true for backward predictability.
361
The anti-correlation between forward and backward predictability can be intuitively adaptation under phenotypic stabilizing selection, further work is required to determine the 376 extent to which this anti-correlation is generalizable to biological systems. Nevertheless, 377 the anti-correlation we observe between forward and backward predictability highlights the 378 importance of distinguishing between types of predictability in future studies.
379
In natural populations, stable polymorphisms can be due to overdominance or other types 
19
. that the mutation is truly beneficial. Such a study would be extremely laborious, and to 410 our knowledge, has never been conducted in any system.
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411
Experimental Implications: In an experimental setting, high forward predictability 412 means it is likely that the same set of mutations will be generated in independent adaptive 413 walks, which make the probabilities generated through backward predictability analysis 
On the other hand, the possibility of hidden alleles makes accurate estimates of backward 425 predictability impossible in both natural and artificial experimental systems. Since we do 426 not have access to hidden alleles from natural populations, it is impossible to accurately 427 compute the backward predictability of the adaptive walk leading to the current 428 population state. Studying backward predictability using forward evolutions and constant 429 sampling is equally infeasible. Even if we could sample every mutation that rises to 430 reasonable frequency in a population, almost all of these mutations will be lost, and there 431 may be far too many to determine the subset which are non-neutral. As mentioned above,
432
there is also the problem of combinatorially many adaptive walks possible for even a few Orr, H. A., 2005 The genetic theory of adaptation: a brief history. Nature reviews.
543
Genetics 6: 119-27. 
26
. Finally, mutation H occurs on allele ABCDG generating allele ABCDGH, which 634 outcompetes all other alleles and is nearly fixed by the end of the simulation.
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In our backward predictability reconstructions, we consider only the first five mutations of 
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